Recent findings help to define the multiple functions of the sigma subunit of bacterial RNA polymerase, from promoter recognition to the release of pausing during initial RNA elongation; these functions can now be confronted with a crystal structure of an essential domain of the sigma subunit.
Ever since its discovery, the sigma factor of Escherichia coli RNA polymerase has been held responsible for the initial promoter recognition that is an essential prerequisite for transcription of any gene. Without the complicity of the sigma factor, the core enzyme is unable to recognize the two major consensus sequences of a promoter -the -10 and -35 sequences -and the enzyme's specificity for both these sequences is modified when its sigma factor is changed. Sigma factor remains associated with the core enzyme during the initial synthesis of several phosphodiester bonds and leaves it as RNA synthesis continues, appearing, therefore, to act as a kind of chaperone that confers a transient selective property on RNA polymerase. The cellular concentration of the various sigma factors is self-limiting, so the regulation of their biosynthesis provides a means of channelling the core enzyme selectively towards a given array of promoters.
Genetic studies implicated two distinct regions of the sigma factor, known as 2.4 and 4.2, in recognition of the -10 and -35 sequences (the numbering scheme for the regions is based on sequence motifs that are conserved between sigma factors, see below). Changing regions 2.4 and 4.2 regions allows RNA polymerase to adapt to changes in the -10 and -35 sequences, respectively. However, the main E. coli sigma factor, sigma 70, is unable to bind by itself to the consensus regions that it is supposed to recognize. And other important, upstream, promoter sequences are recognized by another RNA polymerase subunit -specifically, the carboxy-terminal domain of the alpha subunit. It was therefore not unlikely that sigma factor would turn out to play a more Machiavellian, indirect role in promoter recognition, for example by modifying the overall conformation of the entire enzyme.
This notion was destroyed when Dombroski et al. [1, 2] demonstrated that the mere removal of an amino-terminal part of sigma 70 was enough to permit selective binding of the remaining factor fragment to the consensus promoter sequences. Fusion proteins containing sigma factor regions 2.4 or 4.2 interact with some selectivity with the consensus regions -10 and -35, respectively. Thus, the simple notion that different domains of the RNA polymerase sigma and alpha subunits recognize separate DNA motifs now holds as a rule.
Comparison of the sequences of twenty different sigma factors has shown that they can be divided into two subtypes with distinct architectures. One subtype appears more compact, and this predominates among the nonessential sigma factors. In sigma factors of this subtype, region 1.2 is directly connected to regions 2.1 to 2.4 (these five regions are conserved in all other sigma factors [3] ). Sigma 70 is a member of the second subtype, in which a large fragment -in this case 245 residues long -is inserted between regions 1.2 and 2.1. A 39 kDa proteaseresistant fragment of sigma 70 was purified [4] which contains conserved regions 1.2 and 2.1 to 2.4. A crystal structure of this fragment is now available at a 2.6 Å resolution [5] , and provides an 'identikit' picture of the prime suspect in the recognition of a bacterial promoter.
In the structure [5] , the 245 residue fragment does not disrupt the spatial proximity of the carboxy-terminal part of region 1.2 and the amino-terminal portion of region 2.1. Analysis of the spatial relationships between the 87 residues present in the five conserved regions provides interesting clues to the functional role of this 'minimodule' of the sigma subunit. The mini-module has a compact structure which is built on two coiled-coil motifs. The overall conservation of the primary sequence can be explained by the need to maintain a scaffold between the two pairs of anti-parallel alpha helices -1 and 12, and 13 and 14, corresponding to regions 1.1 and 2.1, and 2.2 and 2.4, respectively -as well as between helices 12b and 13 ( Fig. 1) . Through its hydrophobic residues, helix 13 is involved in all these interactions; the corresponding motif, region 2.2, is understandably the most conserved region among all sigma factors.
In the overall structure, which is entirely composed of alpha helices and connecting loops, the conserved minimodule presents two faces for two different functions. One face is organized by the heptad repeats of a coiledcoil structure formed by helices 1 and 12b. The internal surface of this face participates in the formation of the hydrophobic core mentioned above. The external surface projects into the solvent a series of highly conserved residues, previously identified by genetic studies as participating in the recognition of the core RNA polymerase enzyme. The main recognition determinants are localized around a marked kink between helices 12a and 12b, but the surface structure leads the authors to propose that other polar residues in the 2.1 and 2.2 regions also participate in RNA polymerase recognition.
On the other face of the mini-module, the amphipathic helix 14 sits anchored on helix 13, and projects into solution a constellation of amino-acid side groups, previously identified by genetic and biochemical studies as essential for recognition of the -10 promoter sequence (the TATAAT consensus hexamer). Traveling along a ridge of the cylinder which envelops this last helix, from the carboxy-terminal to the amino-terminal ends, one sequentially meets, first, residue 441, which is involved in recognition of promoter base -13, and then two residues, threonine 440 and arginine 434, that the geneticists had previously implicated in the specific recognition of the first T, at -12, of the TATAAT consensus sequence [6] .
Leaving conserved region 2.4, and still moving in the same direction, on helix 14, one enters another realm, conserved region 2.3, which is involved in the maintenance of the 'melted region' of the promoter -the separation, or melting, of base pairs -9 to +3 is required to expose the template strand for RNA synthesis, which starts at +1. Strand separation has been shown to begin within the upstream part of the -10 consensus sequence and to propagate towards +1. Four aromatic sigma factor residues are held responsible for this function because, when they are substituted, the formation of a kinetically competent complex between DNA and RNA polymerase is impaired, although activity can be restored by using negatively supercoiled templates [7, 8] . In the new crystal structure [5] , the side chains of these residues are seen to project from helix 14 into the solvent-exposed cleft where the side chains of arginine 441, threonine 440 and arginine 437 are found. It is thus suggested that this cluster of side chains interacts specifically and sequentially with one of the two strands of the melted regions of the promoter.
But which DNA strand interacts with these sigma factor residues? It was already known that sigma factor can be preferentially crosslinked to the non-template strand of the promoter in a kinetically competent complex. Ultraviolet-induced crosslinks, which reflect van der Waals contacts between sigma factor residues and bases at positions -8, -5 and -3 in the non-template strand, can be made as soon as RNA polymerase binds the three consensus sequences present on the promoter, even before the DNA is melted ( [9] and my group's unpublished data). On the other hand, sigma 70 is also able, at an early stage in the initiation of RNA synthesis, to induce pauses in this process. This pausing requires the same polypeptide domain and the same DNA sequences as those involved in the initial recognition of the -10 consensus. This led to the suggestion that, when the -10 promoter contacts are broken, sigma factor does not dissociate from the core enzyme but moves directly to interact with the sequences that induce pausing [10] [11] [12] . Indeed, the domain for which a crystal structure is now available [5] can bind the core enzyme with reasonable affinity, and the resulting complex can bind specifically to a sequence corresponding to the non-template strand of the -10 consensus. Interestingly, this domain alone is unable to bind the same single-stranded DNA [13] . Again, the crystal structure suggests a simple explanation for this: the solvent-exposed cleft, into which project all the side chains of helix 14 that are involved in DNA recognition and maintenance of the melted state, is partially occupied by a disordered protein loop, which is highly acidic (18 of
Figure 1
A schematic representation of the three-dimensional structure of part of E. coli sigma 70, from residue 114 to residue 448, recently determined by Malhotra et al. [5] . Helices are shown as cylinders, and disordered regions not seen in the crystal structure are indicated by dotted lines. Conserved regions are colored as follows: 1.2, red; 2.1, green; 2.2, yellow; 2.3, cyan; and 2.4, orange. The non-conserved region inserted between conserved regions 1.2 and 2.1 is colored in grey. (Reproduced with permission from [5] .) the 22 loop residues are negatively charged). This acidic loop can play the role of a decoy, self-inhibiting the binding of this sigma domain to single-stranded DNA; the assumption is that when the sigma factor binds to the core enzyme this inhibitory region is somehow displaced.
In this complex affair, however, many riddles remain unanswered. Undoubtedly, sigma factor is implicated in many consecutive events, from the initial recognition of the promoter, to promoter escape and induction of pausing. The new crystal structure provides a reasonable explanation of the way in which one crucial sigma factor domain can maintain the promoter in a single-stranded state. This domain also participates in the recognition of the -10 consensus in double-stranded DNA [1, 2] . It is probably risky to assume that the different modes of recognition of the non-template strand, either alone or base-paired to its complementary strand, involve the same amino-acid side chains contacting the same bases.
We have no idea of the relative positions of the two DNA strands when they become partially unwound in the kinetically-competent 'open' complex. A major reorganization of both the nucleic acid and the protein partners occurs before this stage is reached. Sigma factor is actively involved in this reorganization, as demonstrated by the very large changes in reactivity towards trypsin of a cleavage site close to the carboxyl terminus of the sigma factor fragment that has been crystallized (my group's unpublished data). Also, a closer look at all the DNA-protein contacts inferred from genetic studies carried out with various combinations of mutant promoters and sigma factors suggests that helix 14 may initially grab the -10 consensus in a more compact configuration than in the crystal structure [5] .
In summary, a prime suspect in a number of key activities of bacterial RNA polymerase has been identified, but it has not yet been caught red-handed. This major suspect is actively involved in several consecutive manoeuvres. A detailed account of the relative changes in the positioning of the sigma factor domain whose structure is now known with respect to the core enzyme or the carboxy-terminal sigma factor domain that recognizes the -35 promoter region, will be required for a full account for its functions. But, for all the geneticists and biochemists who have extensively worked on this affair, and who have on the whole made the right guesses, the present picture is already a splendid reward.
